The concrete production processes including materials mixing, pumping, transportation, injection, pouring, moulding and compaction, are dependent on the rheological properties. Hence, in this research, the rheological properties of fresh cement paste with different content of graphene (0.03, 0.05 and 0.10% by weight of cement) were investigated. The parameters considered were test geometries (concentric cylinders and parallel plates), shear rate range (300-0.6, 200-0.6 and 100-0.6 s −1 ), resting time (0, 30 and 60 min) and superplasticizer dosage (0 and 0.1% by weight of cement). Four rheological prediction models such as Modified Bingham, Herschel-Bulkley, Bingham model and Casson model were chosen for the estimation of the yield stress, plastic viscosity and trend of the flow curves. The effectiveness of these rheological models in predicting the flow properties of cement paste was verified by considering the standard error method. Test results showed that the yield stress and the plastic viscosity increased with the increase in graphene content and resting time while the yield stress and the plastic viscosity decreased with the increase in the dosage of superplasticizer. At higher shear rate range, the yield stress increased while the plastic viscosities decreased. The Herschel-Bulkley model with the lowest average standard error and standard deviation value was found to best fit the experimental data, whereas, Casson model was found to be the most unfitted model. Graphene reduces the flow diameter and electrical resistivity up to 9.3 and 67.8% and enhances load carrying capacity and strain up to 16.7 and 70.1% of the composite specimen as compared with plain cement specimen. Moreover, it opened a new dimension for graphene-cement composite as smart sensing building construction material.
Background
Concrete is the most common building material used globally. The important processes of concrete production, such as materials mixing, pumping, transportation, injection, pouring, moulding and compaction, are based on the rheology of the materials. It is known that the rheology of cement paste has a strong impact on the properties of the concrete (Ferraris 1999) . Various terms like flowability, mobility, workability and pumpability have been used to explain the rheology of concrete (Tattersall et al. 1983) . However, it is generally agreed to define rheology in terms of yield stress and plastic viscosity (Banfill 2006) . Various theoretical and empirical models have been developed to determine yield stress and plastic viscosity, however, these values are greatly dependent on model assumptions, rheometer specifications and accuracy of experimental data.
With the advancement in nanotechnology, research emphasis has been moved to the effect of nanomaterials on cement composite (Kawashima et al. 2013) . For example, the effect of different nanomaterials on the rheological properties of cement paste is reported by various researchers (Ormsby et al. 2011 ; Konsta-Gdoutos et al. Rehman et al. Int J Concr Struct Mater (2018) 12:64 2010; Shang et al. 2015; Wang et al. 2016 Wang et al. , 2017 . Ormsby et al. (2011) used MWCNTs in cement mix and investigated the rheological properties of composite material using parallel plate geometry and found a meaningful influence on the rheological behaviour of polymerizing cement. Shang et al. (2015) explored the rheological characteristics of graphene oxide and graphene oxide encapsulated silica fume based cement pastes. The authors found that in comparison to plain cement paste, graphene oxide reduced the fluidity of the cement paste by 36.2%. Wang et al. (2016) found that addition of graphene oxide in cement paste resulted in flocculated structures. These flocculated structures were depended on the content of graphene oxide and as a result, it enhanced the yield stress, plastic viscosity and area of the hysteresis loop of the flow curve. Wang et al. (2017) determined the influence of fly ash on flow properties of graphene oxide cement paste. They observed that for 0.01% of GO and 20% of fly ash (by weight), the yield stress and plastic viscosity of the cement paste decreased in comparison to control specimen by 85.81% and 5.58%, respectively. Rehman et al. (2018) concluded from his research that viscosity of graphene oxide based cement composite was significantly more as compared with control mix. The same team investigated the rheological properties of cement paste using one mix design, test geometry and various rheological models to determine the flow behaviour of graphene cement composites (Rehman et al. 2017) .
Most of the above literature is focused on the performance of CNTs and graphene oxide and very limited focus were given for rheological properties of graphene cement paste. The properties of graphene, like Young's module (~ 1.0 TPa), large specific surface area (2630 m 2 g −1
), and high electrical transport make it more valuable than other nanomaterials (Lee et al. 2008) . Graphene significantly enhanced the mechanical properties of cement based composite and hence the self-weight of structure can be reduced, which will preserve the natural resources (Rehman et al. 2018; Yang et al. 2017 ). Due to high-early strength and reduced porosity of graphene cement composite, the cost of formwork, maintenance and repair activities dropped significantly (Yang et al. 2017) . Furthermore, high thermal conductivity and ultrastrong features of graphene cement composite improved resistance against fire, cyclones and earthquakes (Rehman et al. 2018; Javed et al. 2017b Javed et al. , 2017a Yang et al. 2017) .
Various researchers have also investigated the electrical properties of cement based composites incorporated with nanomaterials to detect damages and cracks in the composite specimen. Several non-destructive tests are available for quickly and effectively detection of damages in concrete (Rehman et al. 2016) . However, If cement is reinforced with conducting fillers then it can observe its own strain by monitoring electrical resistivity values (Chung 2002) . Sixuan (2012) investigated the effect of crack depth of the graphite nanoplatelets based cement mortar on the change in the electrical resistance. It was reported that the electrical resistance of concrete increases with increase in crack depth. The effect of different concentration of graphene nanoplatelets on the self-sensing behaviour of the cementitious composite was studied by Du et al. (2013) and Le et al. (2014) . Test results showed that electrical resistivity of cement composites decreased with the addition of 2.4-3.6% of graphene. Rehman et al. (2017) studied the practical application of graphene cement smart sensor in reinforced concrete beam and concluded that the variation in fractional change in resistance values with the applied load will enable the graphene cement composite to assess the condition of concrete structures.
From the analysis of above literature, it can seen that on the rheological and piezoresistive properties of graphene cement composite is scarce. Hence, in this research, we investigated the flow properties of the graphene cement paste by using four different rheological models. The graphene nanoplatelets were utilized to measure the variation in the flow curves of the cement paste. In addition, the rheological properties of graphene cement paste with numerous resting time, shear rate range and superplasticizer were also evaluated using two test geometries including concentric cylinders and parallel plates. Thereafter, the self-sensing properties of the graphene nanoplatelets based cementitious material were determined. The electrical resistance was measured with the help of four-probe method while self-sensing characteristics were observed using damage-sensing and change in resistance.
Rheological Models
The workability and flowability of concrete are straightforwardly influenced by the rheological properties of cement paste. Rheological models are based on the factors, which influence the cement paste rheology. Parameters like shear rate, chemical admixtures, water-cement ratio and supplementary cementitious materials greatly influence the rheology of cement paste (Papo 1988) . Therefore, a single model cannot be used to predict the flow behaviour of cement paste (Yahia and Khayat 2001) . The accuracy of available models can be checked by comparing the predicted data with the experimental data. Hence, in this study, the accuracy of four available rheological models have been assessed.
Bingham Model
In 1919, Bingham (1922) proposed model named Bingham Model. He was the pioneer to introduce the viscoplastic materials and class of non-Newtonian materials (Mitsoulis 2007) . This model requires two parameters, the yield stress (τ 0 ) and plastic viscosity (µp). Yield stress is the critical value of stress below which material does not flow (Mitsoulis 2007 ) and plastic viscosity is the slope of the line in shear stress-shear rate curve. This model has characteristics of Newtonian equation and the only difference is yield stress. Mathematical equations for both Newtonian and Bingham models are given in Eqs. (1) and (2), respectively (Ferraris 1999 ). The Bingham model was highly used by a number of researchers to compute the plastic viscosity and the yield stress of the cement paste Khayat 2001, 2003; Rao 2014 ). Bingham mathematical equation is linear as shown in Eq. (2) (Bingham 1922) and, comparatively, it is convenient to use for the analytical solutions (Yahia and Khayat 2003) .
where, τ is shear stress (Pa); τ 0 is yield shear stress (Pa); µ p is lastic viscosity (Pa·s) and ϔ is hear rate (s
−1
). In any case, it falls flat to fit into the nonlinear parcel of the stream bend at a high shear rate and cannot anticipate abdicating shear stress precisely particularly for shear thickening conduct (Yahia and Khayat 2001) . According to Feys et al. (2007) , Bingham model underestimates the shear stress and resulted in the negative yield stress, which was physically impossible. Therefore, this model is not valid to describe the rheological properties, especially in nonlinear portion.
Herschel-Bulkley (HB) Model
To solve the problem of Bingham model, the nonlinear model can be used. Power equation was frequently used for the liquids to study the rheological behaviour (Ferraris 1999) . However, it is not valid for the visco-plastic materials. In 1926, Herschel-Bulkley (HB) provides the relationship to determine the rheological properties for Bingham materials in nonlinear portion (Herschel and Bulkley 1926) . HB equation is the upgraded form of the power model containing both yield stress and power equation. This model contains three parameters: yield shear stress 'τ 0 ' , power rate index 'n' and consistency 'K' . n is an important parameter and estimates the degree of fluid for shear thinning and shear thickening. Mathematical representation of both power model and HB model is given in Eqs. (3) and (4) respectively (Ferraris 1999 ). This model is also known as yield power law because it has
(2) τ = τ 0 + µ pΫ the characteristics of both Bingham and Power models (Yahia and Khayat 2003) , therefore, it offers an advantage over the Bingham and Power law models (Hemphill et al. 1993) .
where, K is consistency (Pa·s n ) and n is power rate index or pseudo-plastic index.
HB model can quantify the shear thickening behaviour of the cement paste. If the power rate index (n) value is more than 1, the fluid will present the shear thickening behaviour, whereas, if the value is less than 1, the shear thinning behaviour will be found. As per a study conducted by Yahia and Khayat (2001) , this model results in the lowest yield stress in shear thinning in contrast to other mathematical models on the same flow data. This discrepancy is due to mathematical formulation. Zero shear viscosity (inclination of flow data curve at zero shear rate), is always either zero or infinite based on power index value. For the shear thickening fluids (n > 1), zero shear velocity is zero and for shear thinning materials it is infinite. Thus, this model is not the best model to describe the non-linear behaviour of flow curve (Yahia and Khayat 2001; Feys et al. 2007 ).
Modified Bingham Model
To overcome the deficiency of Herschel-Bulkley model, a linear term was added in the HB mathematical equation. This new model is called Modified Bingham model because the Bingham equation was modified and second order of the shear rate was used to measure the pseudoplastic or shear thickening behaviour. As the modified Bingham model contains the characteristics of Bingham model and HB model, therefore, it can provide a better description of the nonlinear behaviour (Feys et al. 2013) . Equation (5) presents the mathematical expression of this model (Yahia and Khayat 2001) .
where, c is regression constant.
Although this model has a limitation that fluid should not be highly-shear thickening, it can only be possible by keeping power index value less than 2 (Feys et al. 2013) . Therefore, it restrained the response of the fluid to second order polynomial, which will limit its fitting to the flow data.
Casson Model
In 1959, Casson (1959) , proposed the equation related to shear stress and shear rate for the suspensions. Casson suggested a special structure for the suspension in fluid
called "particles" combine to form flocculates of certain cohesive strength (Scott Blair 1966 ). The Casson model has two adjustable parameters a shown in Eq. (6) and it has the capability to estimate the viscosity at a high shear rate (Papo 1988) . However, for concentrated suspensions, outcome values by this model are not accurate. (Papo 1988) . As per Scott Blair (1966) observations, the Casson's model fits well for the various types of fluid and is more appropriate to be utilized as compared to the HB model, although, sometimes in most cases, it is difficult to judge.
Standard Error
The capacity of any expository demonstrate to precisely coordinate the nonlinear relapse at high shear rate will characterize its precision. As this capacity is shifting with each scientific expression, in this manner, the calculated rheological parameters offer distinctive values for diverse models. Standard error for each rheological model has been determined utilizing Eq. (7) (Yahia and Khayat 2001) . At last, best fitted and successful demonstrate was determined. 
Preparation of Samples
For the preparation of specimen's, the cement, graphene and deionized water have been used. The designed mix proportions are shown in Table 2 . It is noteworthy to mention here that, Mo, GM3, GM5 and GM10 sample was used to study the rheological characteristics. The piezoresistive characteristics of the graphene were only determined for GM3 and M0 specimens. It is important to mention here that three identical samples were prepared and an average of their reading was used. Initially, graphene nanoplatelets were poured into the water. Ultrasonication (Fisher Scientific ™ Model 505 Sonic Dismembrator) was used for 3 min, in order to exfoliate nanoparticles. To keep the dispersion of graphene uniform in solution, magnetic stirring was also performed. Overall time for sonication was set as 3 min followed by 1 h of the magnetic stirring. Afterthat, the cement was added to the mixture and thoroughly mixed for another 5 min in the spar mixer (SP-800A). The speed of the mixer was used to assure the homogeneity of the cement paste. For first 2 min mixer was run at a lower speed then stopped for 10 s. Afterwards, in remaining mixing duration, it was kept high. As soon as the cement paste was ready, the rheological characteristics were measured. ASTM C 1437-15 (ASTM 2015) was used to investigate the workability of the prepared cement paste. et al. Int J Concr Struct Mater (2018) 12:64 The cement paste specimens were casted in the prism of the dimension 160 × 40 × 40 mm. After that, a wire mesh of 11 × 11 mm size having 40 × 70 mm dimension was inserted in the specimen. Figure 1 provides the details and placement of wire meshes in cement paste specimens. Compressive strength was measured using ASTM C 109 (1999) . After the compression test, samples of size 1 × 1×0.5 cm were collected from the fractured specimens to study the surface morphology. For this purpose field emission scanning electron microscope (FE-SEM, AJSM-7600F) was used. Furthermore, energy dispersive X-ray spectrometer (EDS) was the used to study elemental composition.
Rheological Measurements
Rheometer MCR302 (Anton-Paar) was used to estimate the flow properties of cement paste. MCR302 with its varying geometries is given in Fig. 2 . Experimental data points were recorded and analysed using Rheoplus software. Moreover, two test geometries i.e. smooth parallel plates and concentric cylinder were used to calculate the rheological characteristics as shown in Fig. 2b , c. Gap thickness for smooth parallel plates and concentric cylinders was 0.6 and 1.2 mm, respectively.
When material got ready, it was divided into three equal portions. First portion was poured on the plates immediately while the second and third portion was poured after 30 and 60 min later. The amount of 15 milli-litre of the graphene-cement mixture was placed on the plate of 25 mm diameter at 25 °C. At initial stage, the composite paste mixture was kept at rest, however, after 10 min it was pre-sheared for 60 s at a shear rate of 100 s −1 . Such process was performed to re-homogenize the specimen and overcome the thixotropic characteristics of cement paste (Roussel et al. 2012 ). Lately, after 5 min, the shear rate was increased to 20 intervals from 0.6 to 100 s −1 and then it was reversed as 100-0.06 s −1 . From the process, the downslope curve estimation was utilized to record the rheological characteristics. Similarly, two varying shear rate ranges such as from 200 to 0.6 s −1 with 40 intervals and 300-0.6 s −1 with 60 intervals were applied to graphene-cement mixture. At different time interval, 0, 30 and 60 min, flow properties were also determined. In 30 and 60 min resting times, the graphene cement specimens were stirred manually for 15 s before experimentation. Furthermore, for mixes M0, GM3, GM5 and GM10, the effect of the graphene and its approximate quantity on the rheology was also investigated. These samples were subjected to three different shear rate cycle range as shown in Table 3 . Moreover, three resting times, the time between sample preparation and casting, were considered in this study to examine their effect on cement-paste rheology. Influence of superplasticizer on rheological properties and different test geometries was also studied on these mixes. Table 3 shows the description of the various sample used to observe the effect of resting time, shear rate cycle and superplasticizer on rheological measurements. Afterwards, fundamental physical properties of graphene cement paste i.e. yield stress and viscosity were calculated using mathematical models. It is important to mention here that few rheological samples were taken from our previous study to provide comparison and validation of the research work (Rehman et al. 2017) . Page 6 of 23 Rehman et al. Int J Concr Struct Mater (2018) 12:64 
Test Setup for Electrical Properties
Piezoresistive properties (variation of electrical resistivity with applied strain) of graphene based cement composite was investigated using the four-probe method. Contact resistance is not recorded in the four-probe method, which makes it superior to the two-probe method. In four-probe method, outer two contact points are used for monitor the electrical resistance while inner two contact points for voltage measurement. Experimental setup for measuring the electrical resistivity is given in Fig. 3a which includes Instron 600 kN, strain gauge, TDS-530 data logger, DC power supply and 10-Ω electrical resistance. Direct current was supplied to the specimen using 15 V DC power battery, while the compressive load was applied from Instron 60 kN machine. All measurements were recorded using TDS-530 datalogger. Electrical properties of graphene cement composite were evaluated after 28-days of casting.
Schematic illustration of circuit diagram is given in Fig. 4 . Voltage drop was measured by datalogger using inner wire meshes of the specimen. Meanwhile, current was measured from resistor connected to data logger in a circuit as shown in Fig. 4 .
Results

Rheological Characteristics
In this section results related to rheological characteristics will be discussed. Several factors like mix composition, water content, admixture amount, graphene content, mixing process, testing technique, resting time, shear rate cycle and mathematical model significantly alter the flow properties of cement paste (Shaughnessy and Clark 1988). Moreover, in-depth studies have been carried out on mix compositions including water to cement ratio, mixing and testing techniques (Nehdi and Rahman 2004; Shaughnessy and Clark 1988) . Therefore, these parameters are not covered in this research work, however, graphene content, superplasticizer role, resting time and shear rate cycle range is focused in this work.
Yield Stress
Yield stress values were estimated by numerous rheological models. It was observed that yield stress values increase by the addition of graphene, shear rate range and resting time, however, decreased with the addition of super-plasticizer. Generally, in concentric cylinders, Bingham model determined the highest yield stress values and HB model determined the lowest values. However, for the parallel plates, Modified Bingham model determined the highest yield stress values, followed by Bingham, HB and Casson model. It is important to mention here that; smooth parallel plates and concentric cylinders were used in this research study. Therefore, due to slippage effect and surface friction (Nehdi and Rahman 2004) , low yield stress values were found. Variation of yield stress with graphene content, mathematical models, resting time, superplasticizer content, Page 7 of 23 Rehman et al. Int J Concr Struct Mater (2018) 12:64 shear rate cycle and test geometries is further discussed in following subsections. Table 4 that the yield stress values were increased by the incorporation of graphene to the cement matrix. Moreover, by increasing percentage of graphene in the design mixture, the yield stress values were increased for all the rheological models. Concentric cylinders recorded higher values of yield stress and observed the similar trend as found in our previous study performed on parallel plates (Rehman et al. 2017) . Furthermore, a similar trend was found in the literature. Shang et al. (2015) performed the experimentation to study the influence of graphene oxide on rheological properties of cement paste. For this purpose 0.08% of graphene oxide was used in cement paste and increment in yield stress was noted four times of plain cement paste. This increase in yield stress may be related to the higher surface area of graphene nanoplatelets, which increase the overall demand for water for lubrication (Chuah et al. 2014) . Besides that, it was noticed due to Vander wall forces graphene nanoplatelets (GNPs) form bundles in aqueous solution. Moreover, when the aqueous solution of GNPs was further mixed with cement the electrostatic interactive forces become prominent. As a result, water molecules entrapped in it and reduce the overall quantity of free water. Similar bundles and agglomerated structure of graphene oxide was found in study of Shang et al. (2015) and Wang et al. (2016) . Therefore, it is concluded that by adding and increasing the content of graphene in cement paste, more flocculation was formed, as a result, the yield stress values were significantly improved.
Effect of Graphene on Yield Stress It was observed in
Furthermore, variation of yield stress with mathematical models and graphene content was determined and shown in Table 5 . It can be seen clearly that concentric cylinders predicted the yield stress values nearly twice as compared with parallel plates. The main reason for this increment is the gap and test geometry. In parallel plates, gap between two plates is very small and spread diameter is more. Moreover, HB model predicted the lowest values as shown in Table 5 . In parallel plate values of Bingham model and modified Bingham model are very close to each other while, in concentric cylinders HB model and modified Bingham model are matching. Therefore, it is concluded that nonlinear models predicted similar values in concentric cylinders and linear models predicted the similar trend in parallel plate geometry.
Effect of Shear Rate Range on Yield Stress
The variation in shear rate is based on the delivering method of the concrete to the formwork either by pumping or bucket. The shear rate of the cement paste in the ordinary operation of concrete was found about 70 s −1 as estimated by Ferraris (1999) . However, for high performance and self-compacting concrete, cement paste bears high shear rate during pumping, transporting and placing. Moreover, numerous researchers used high shear rate range for their analysis (Yahia and Khayat 2003; Saak et al. 1999) . Furthermore, Roussel (2006) reported that while concreting, cement paste bears the shear rate three to five times higher than that of the concrete. The concept of yield Page 8 of 23 Rehman et al. Int J Concr Struct Mater (2018) 12:64 stress is a very important parameter, however, its values are directly related to the range of shear rate cycle (Barnes and Walters 1985) . Table 6 presents the yield stress values of numerous cement specimens for three different shear rate range. It was noted that shear rate range has a significant effect on the yield stress values, and the increment in yield stress was observed for both test geometries. Modified Bingham model and Bingham model determined the higher yield stress values for parallel plates and concentric cylinders, respectively. As the modified Bingham model has the characteristics of both Bingham and HerschelBulkley model thus, it fits more accurately with the flow data. The yield stress values for the Casson equation and HB model were found lowest amongst other models for parallel plates and concentric cylinders, respectively, however, they precisely fit the flow data curve. Barnes and Walters (1985) performed the experimental investigation using Bingham model by considering three different shear rate ranges and determined the increase in yield stress values with high shear rate range cycle. In short, the effect of shear rate range on the yield stress is very beneficial for normal and high-performance concretes. Furthermore, this study also opens a new approach for the use of graphene-cement composite as a self-consolidating concrete. Page 9 of 23 Rehman et al. Int J Concr Struct Mater (2018) 12:64 
Effect of Resting Time on Yield Stress
Generally, it was observed that with the passage of time, molecular structure changes in the cement paste due to chemical interaction, therefore, it is very important to consider the effect of resting time on the yield stress. Resting time is the time interval between sample preparations to casting. The results showed that the yield stress was increased with various resting time (Table 7) . This increment in the yield stress may be attributed to three factors (a) thixotropic properties of cement (Wang et al. 2016) , (b) presence of suspended particles (graphene) and (c) hydration reaction of cement paste. As cement paste has thixotropic properties (Wang et al. 2016 ) and structures change in the cement paste, therefore, high shear stress was observed at the same shear rate. It was also noted that for 60 min resting time more yield stress was recorded for GM3, GM5 and GM10 mix samples as compared to control mix (M0). This shows that graphene has a significant effect on yield stress. It was noted that yield stress values were slightly more in parallel plates as compared to the concentric cylinders. In parallel plates test geometry, particles sedimentation is a significant factor due to more spread surface as compared with the concentric cylinders. This sedimentation effect is more prominent for a higher concentration of graphene mixes (Nehdi and Rahman 2004) . Thus, it can et al. Int J Concr Struct Mater (2018) 12:64 be summarized that with an increase in resting time of the mixtures, the yield stress values also increased.
Effect of Super-plasticizer on Yield Stress
Several studies (Nehdi and Rahman 2004; Wang et al. 2016 Wang et al. , 2017 reported the effect of water reducing agent on the yield stress of the cement paste and considered a parameter to investigate and estimate its influence on rheological properties. Therefore, its interface with rheological models and test geometries were obtained in this study and yield et al. Int J Concr Struct Mater (2018) 12:64 stress values are given in Table 8 . It was observed that with the addition of super-plasticizer in the mixes, the yield stress reduced for control and graphene based cement mixes in parallel plates and concentric cylinders. This reduction was might be due to the hydrophobic groups of poly-carboxylate super-plasticizer, which, absorbed on the surface of cement particles and extend in outwards direction. Due to the electrostatic repulsion, flocculated structure destroyed as a result free water released, which increase the fluidity and reduce the yield stress (Wang et al. 2016) . Wang et al. (2017) determined the yield stress values for graphene oxide based cement composite and determined the effect of fly ash on composite material. They found that yield stress values reduce in fly ash-GO cement composite. Moreover, Bingham model and modified Bingham model estimated the higher yield stress values. It can be concluded that due to hydrophobic groups and electrostatic repulsion, yield stress values reduced with the addition of super-plasticizer.
Effect of Test Geometry on Yield Stress
It was found from the experimental results that concentric cylinders exhibit high yield stress as compared with parallel plates. In case of parallel plates due to less gap and more spread diameter, flocculation structures break quickly which resulted in lower yield stress. Ferraris (1999) computed the gap in concrete by using mathematical model developed by Garboczi and Bentz (1997) and found the average value of gap is between 0.16 and 0.22 mm. However, concentric cylinders, normally estimate the rheological properties at large gap i.e. seven times of estimated gap, therefore, it leads to measurement of the bulk values of cement paste and is not the correct values in accordance to concrete rheology (Ferraris 1999) . Hung et al. (2015) performed experimental work on asphalt rubber binder and measured its rheology with both concentric cylinder and parallel plates. They found no significant difference between two geometries. It was noticed that the authors used very large gap i.e. 2 mm in parallel plates, due to which, the difference with concentric cylinders vanishes. Therefore, it can be concluded that parallel plates are suitable for cement paste as it measures the rheological properties with the realistic approach (Ferraris 1999 ).
Viscosity
Plastic viscosity is referred as resistance to flow of the cement paste. Plastic viscosities for the cement paste and graphene-cement composite were calculated by using concentric cylinders and parallel plates. 
Influence of Graphene of Plastic Viscosity
The incorporation of graphene in the cement paste increases the plastic viscosities as shown in Table 10 . Furthermore, with the increase in amount of graphene the plastic viscosity also increases. These results are in support of the research work of Shang et al. (2015) . They conducted the experimental work with a varying percentage of graphene oxide and found that with the addition of 0.04% of graphene oxide in the plain cement mix, the plastic viscosity values increased by 78%. Increase in plastic viscosity values might be due to the large surface area of the graphene sheets, which results in a dry mix of the graphene cement paste as it requires more amount of water for lubricating the surface. Another reason may be that the addition of graphene reduces the free available water which increases the frictional resistance between graphene and cement matrix which resulted in higher viscosities. Therefore, it can be summarized that due to large surface area of graphene sheets and reduction in free available water, overall plastic viscosity values increased. In addition, with the increase of graphene content, the deformation of the cement pastes become difficult due to external forces (Table 9) . Furthermore, variation of plastic viscosity with mathematical models and graphene content was computed. In parallel plates, plastic viscosity of graphene cement composite was found 1.6 times of plain cement paste while for concentric cylinders, it is found as 2.6 times. Table 10 indicates that geometric setup has a significant influence on plastic viscosity values.
Influence of Shear Rate Range on Plastic Viscosity
Test results of shear rate range on plastic viscosity for various rheological models were determined and presented in Table 11 . The apparent viscosity depends upon the shear rate and at a high shear rate, the apparent viscosity will be low (Shang et al. 2015) . Shang et al. (2015) used the silica fume, graphene oxide and graphene oxide-silica fume in cement paste and found that for all mixes apparent viscosity reduces with the high shear rate range. Furthermore, the addition of graphene produces the flocculated suspensions in the cement matrix, thus, with the increase in shear rate cycle range, those suspended particles were destroyed and resulted in lower apparent viscosity. Thus, due to high shear rate range, deformation of cement 
Influence of Resting Time on Plastic Viscosity
The resting time also has a direct relationship to the plastic viscosity. Table 12 shows the values of plastic viscosity for both control mix and graphene cement mix. It was noted that plastic viscosity was increasing irrespective of the test geometry and mathematical model. It mainly involves two factors: the hydration of cement particles and the fractional resistance between cement particles and graphene nanoplatelets. Impact of hydration and fractional resistance was prominent for the 60 min resting time. In concentric cylinders, an anomaly was recorded for M0-60 mix, in which it estimates very less plastic viscosity values. It might be related to some calculation error. As for other mixes, a common trend was found. Cao et al. (2016) reported that the 30 min of resting time can be considered as a dormant period for the hydration of cement paste. Therefore, the major contribution for 30 min resting was given by the fractional resistance between the cement paste and graphene sheets. Hence, it can be sum up that due to increase in resting time, flow behaviour becomes difficult for the cement paste. Table 13 shows the influence of superplasticizer on the plastic viscosities of the cement pastes. It was observed that with the addition of superplasticizer, fluidity enhances. The possible reason for this is a reduction of the internal friction between the particles which dramatically alters the rheological characteristics of the cement paste (Ferraris 1999) . Moreover, it can be said that superplasticizer reduced the plastic viscosity values by 40% in parallel plates as compared with control mix. Therefore, the fluidity and workability of cement paste is greatly improved by incorporation of superplasticizer in the cement matrix.
Influence of Superplasticizer on Plastic Viscosity
Influence of Test Geometry on Plastic Viscosity
Generally, parallel plates determined the higher values for the plastic viscosities as compared with the concentric cylinders. A possible reason may be the settlement of suspended particles. As parallel plates have the large spread diameter as compared with the concentric cylinders. Thus, suspended cement and graphene particles start to settle down and provide great hindrance against the deformation of cement paste. Therefore, it can be concluded that the sedimentation or creaming will be a key factor in indicating the higher plastic viscosities for parallel plates (Nehdi and Rahman 2004; Barnes 2000) .
Consistency and Power Rate Index
The plastic viscosity trend was estimated by considering the HB model. It considers two main factors such as power rate index (n) and the consistency (K). Utilizing these factors the relationship trend between shear rate and viscosity can be determined (Nehdi and Rahman 2004) . In addition, it also estimates the shear deformation such as shear thinning and thickening based on index values "n" (Wang et al. 2016 ). If n > 1 then fluid will have shear thickening behaviour and for shear thinning behaviour n < 1. K has no physical meaning and difficult to compare (Vikan et al. 2007 ). Generally, both n and K values were increased by the addition of graphene to the cement mix. Additionally, the behaviour of the cement paste was found in shear thinning. Concentric cylinders showed higher values for the K and lower values for the n as compared to the parallel plates. K and n values for different mix design are given in Appendix Table 15 . K values were increased with the addition of graphene in the cement mixes as. It was noted that with an increase in the percentage of graphene in mix design K and n values increased for both test geometries. However, these values remained less than 1, which indicates the shear thinning behaviour of the cement paste. Numerous researchers observed the shear thinning behaviour of cement paste. Recently, Govin et al. (2016) studied the effect of guar gum derivates on the fresh state cement mortar. They found that n values were less than 1, and cement paste was behaving as shear thinning material. Therefore, it can be said that incorporation of graphene results in more suspended structures in the cement paste, which makes it comparatively thicker to flow and enhance the resistance to flow.
The increment in shear rate cycle range has no significant effect on the trend. Moreover, the n values nearly remained stable and consistence. Additionally, it is noted that maximum n values were found for 200-0.6 s −1 shear rate range. This trend was followed in all graphene mix designs i.e. GM3, GM5 and GM10 mixes. Therefore, it can be concluded that with the higher shear rate cycle range, the cement paste will observe more shear thinning behaviour. The flocculated structures breakdown with the higher shear rate thus cement paste becomes thinner. It was observed that with an increase in resting time the behaviour of cement paste was closer to the shear thickening. For 60 min rest time samples, in parallel plate sample, the 'n' was more than 1, indicating the shear thickening behaviour. However, concentric cylinders estimated the shear thinning behaviour. This shows that it is very important to consider the geometric conditions for calculation of rheological properties. Moreover, a relationship needs to be discovered for eliminating the test geometry effects. Initially, when cement particles come in contact with water, a membrane of gelatinous calcium silicate hydrate forms on the surface of cement particle (Wallevik 2009 ). When cement paste is mixed this membrane break and cement particles separated and start freely to move. However, with an increase in rest time, this link and membrane become strong and difficult to break. Wallevik (2009) performed the experimental work to study the rheological properties of cement paste at 12, 42, 72 and 102 min after initial mixing. They found that coagulation and links between two cement particles can be reversible and permanent, based on hydration stage. Due to this reason, in cement paste, n values increased. Therefore, it can be concluded that with an increase in rest time, reversible coagulation and links between cement particles become irreversible, permanent and difficult to break which will result in high resistance to flow.
When water reducing agent was added to the mix, it enhanced the flowability of the cement paste. Therefore, it was observed that the K and n values were reduced by the addition of super-plasticizer. Moreover, it causes shear thinning behaviour in all cement mixes. Wallevik (2009) stated that van der Waals and electrostatic repulsive forces generate potential energy interaction between the cement particles. Due to this total potential energy interaction, cement particles become closer to each other and pasted together in the form of coagulation. The superplasticizer absorbs on the surface of cement particles and changes the total potential energy in such a manner that dispersion becomes easier. This trend was prominently observed in M0, GM3, GM5 and GM10 mixes. Hence, it can be stated that super-plasticizer greatly enhanced the flowability by reducing the internal friction between cement paste and graphene nanoplatelets. Moreover, this action results in transforming the cement pastes thinner and easy to flow.
Concentric cylinders showed higher values of the K and lower values of n. The main reason might be that in concentric cylinders, inner and outer cylinders both have different diameter (cup and bob) as shown in Fig. 2c which make their behaviour as non-linear, however, in parallel plates, both plates (upper and lower) as shown in Fig. 2b have the same diameter and its results are linear (Hung et al. 2015) . Another possible reason may be the gap between the parallel plates, which was small compared to the concentric cylinders. Hung et al. (2015) reported that an appropriate conversion factor is required for the concentric cylinders to obtain and convert the large gap to the small one equivalent to the parallel plate geometry. In brief, test geometry has a significant effect on the rheological properties.
Standard Error
Standard error values were calculated using Eq. (7) for the various rheological models. These values are given in Appendix Table 16 for an in-depth analysis of reader. A higher value predicted by the mathematical model represents that flow curve and mathematical model curve are not in the match. It was observed that HB and Modified Bingham models showed the lower standard error, whereas, the Bingham and Casson models displayed higher values. M0c, M0a, GM10, GM5-60, GM10c, GM10-0, GM10-30 and GM10-60 mixes show the maximum standard error values for all mathematical models in parallel plates. However, in concentric cylinders, M0S and M0-60 estimated the highest values for the standard error for all rheological models. Generally, the standard error values predicted by rheological models were found lower for the concentric cylinders compared to the parallel plates. According to Hung et al. (2015) 
Hardened Properties
The main aim of this section is to evaluate the influence of graphene on hardened properties of cement composite. For workability, the flow diameter test was performed for the graphene-cement composite and values are given in Table 14 . Graphene significantly reduced the flow diameter and found to be dependent on graphene content. It was noted that flow diameter drops 5.4, 6.2 and 9.3% for GM3, GM5 and GM10 mixes as compared with control mix. Graphene has a large surface area as compared with cement therefore, it needed an additional amount of water for lubricating the graphene sheets. By keeping the water-cement ratio constant in mix designs the amount of free-water reduced with increasing content of nanomaterials. Therefore, flow diameter and workability of the composite material was reduced with the incorporation of graphene. A similar trend was recorded in previous research work performed by Rehman et al. (2017) . Rehman et al. (2017) used 0.03% of graphene by weight of cement and found 8.5% reduction in flow diameter. Moreover, Rehman et al. (2018) noted 12% decrease in flow diameter of cement specimen containing 0.03% of graphene oxide sheets. Furthermore, Pan et al. (2015) used 0.05% of graphene oxide while Collins et al. (2012) used 2% carbon nanotubes in their cement mix design. Both researchers kept water-cement ratio same i.e. 0.5 and only variable was nanomaterial type and quantity. Pan et al. (2015) and Collins et al. (2012) found 41.7 and 48.9% reduction in slump diameter of nanomaterial based cement mix, respectively.
The stress-strain curves for M0, GM3, GM5 and GM10 mixes were obtained using strain gauge and Instron 600 kN machine as shown in Fig. 5 . It can be observed in (Table 14) . GM5 mix showed prominently higher compressive strength of about 16.7% compared to mix M0. Moreover, GM3, GM5 and GM10 mix showed 47.2, 70.1 and 53.6% more compressive strain at ultimate compressive load before failure, showing the ductile behaviour of graphene cement composite material. The results of this study were further compared with the available stress-strain curve of graphene-oxide based cement paste and given in Fig. 5 (Pan et al. 2015) . Pan et al. (2015) studied the graphene oxide in cement paste and reported significant improvement in compressive strength. For 28 days, compressive strength values were 43.3 and 51.5 MPa for OPC and graphene oxide based cement respectively. Moreover, several explanations have been given by numerous researchers for enhancing the mechanical properties. Rehman et al. (2018) identified that filling and packing ability, accelerated hydration, more hydrated products, bond formation between graphene nanoplatelets and cement matrix and crack bridging contributed for increase in compressive strain and strength. Hence, the increase in compressive strain and strength may be related to the template effect, crack bridging by graphene sheets, and higher strength of graphene.
FESEM images are obtained from the fractured pieces of graphene cement composite to investigate the morphology, crystalline structure, growth of hydrated products and their pattern. The morphology of the composite material using FESEM images is shown in Fig. 6 . It was noted that due to template effect, the hydrated products developed over the graphene. Moreover, hydrated products were developed in an ordered way. Therefore, graphene cement composite was found more compact as compared with plain cement specimen. Furthermore, graphene fills up the nano-pores which play a prominent role in enhancing the mechanical properties. Graphene nanoplatelets, hexagonal plates of portlandite and calcium silicate hydrate (CSH) gel (needle form and honeycomb formed) can be found in Fig. 6 . To further verify and confirm the presence of carbon materials (graphene) energy selective backscattered (EsB) image were used. These EsB images are simple and easy to comprehend carbon materials in fractured surface of specimen. In EsB images, carbon containing compounds absorbed the electron beam and turned to complete black. Figure 6b shows EsB image of graphene cement composite. EDX image was further used to identify the hydrated cement products and graphene by elemental composition. Figure 6c represents the EDX of the graphene as marked in Fig. 6a . As graphene is carbon materials, therefore, the carbon Fig. 5 Stress-strain curve for cement paste (M0), graphene-cement paste (GM3, GM5 and GM10) and GO-OPC by (Pan et al. 2015) .
Fig. 6
Field emission scanning electron images of composite material; a FESEM image of graphene-cement composite at 7 days; b Energy selective Backscattered (EsB) or backscattered image of (a); c EDX of graphene on a point indicated in (a); d EDX for the hydrated cement product at cross hair location in (b); e FESEM image of graphene-cement composite at 28 days; f EsB or backscattered image of (e); g EDX for the marked point in (e); and h EDX at cross-hair location in (f).
(See figure on next page.) Rehman et al. Int J Concr Struct Mater (2018) 12:64 content was maximum in it, which confirm the existence of graphene. Figure 6d shows the elemental composition of CSH gel as marked in Fig. 6b using EDX. In CSH gel maximum content was oxygen trailed by the carbon and silicon. Furthermore, EDX and EsB images were used to identify graphene and honeycomb structure of CSH gel in Fig. 6f-h . Moreover, indirectly these images highlight the uniform dispersion of graphene in cement composite. As a very tiny piece was taken from the bulk specimen, thus the presence of graphene is only possible if it is uniformly and thoroughly mixed during sample preparation. Hence, it can be summarized that due to the addition of graphene, hydrated products grows over GNPs in uniform and ordered way (Cao et al. 2016) , which resulted in improvement of compressive strength.
Lastly, crack bridging and crack blocking phenomena by GNPs is discussed using FESEM images. For this purpose generation and propagation of cracks were noted in plain cement specimen as shown in Fig. 7a . These cracks are in nano size dimension and later they widen into micro and macro size cracks which leads to the failure of the specimen. It is important to mention here that graphene provides both crack bridging and crack blocking mechanism. The surface area of graphene plays an important role for the crack bridging mechanism (Zohhadi 2014) whereas, thickness of graphene provide the hindrance to crack propagation (Rehman et al. 2017 ). One of the major benefits of graphene nanoplatelets in cement composite is a successful interruption of newly developed cracks at nanoscale level. Moreover, it offers a hurdle in continuity of the small cracks. Discontinuity of cracks can be seen in Fig. 7b . Additionally, FESEM images were reproduced from Rehman et al. (2017) and Zohhadi (2014) studies to highlight blocking Fig. 7 a Propagation of crack in plain cement. b Crack bridging phenomena by graphene. c Crack blocking phenomena by graphene (Rehman et al. 2017) . d Crack bridging in graphene cement composite (Zohhadi 2014) . and bridging of the cracks by graphene nanoplatelets in Fig. 7c, d , respectively. Therefore, due to crack bridging, crack holding and discontinuity of cracks by graphene make the composite more ductile and compact as compared with plain cement specimen. Thus, it can be summarized that graphene nanoplatelets deflect the crack path, make them fine and discontinue and offer obstruction in their growth, which results in enhancing the mechanical properties of graphene cement composite.
Electrical Properties
This section will provide the details about piezoresistive nature of composite specimens. For this purpose, fourprobe method is used to calculate the electrical resistivity values. Valdes (1954) provided the mathematical expression given in Eq. (8) to determine the electrical resistivity values.
where ρ is resistivity (Ω-cm); I is current measured by outer two probes; V is floating potential difference between inner two probes; and S is spacing (cm) S2 = 60 cm and S1 = S3 = 40 cm.
Electrical resistivity values for various mixes were determined using Eq. (8) and shown in Table 14 . Electrical resistivity values were reduced by 67.8, 59.5 and 49.2% for GM3, GM5 and GM10 mixes, respectively in contrast to control sample. Maximum drop in electrical resistivity value at ultimate failure load was noted for GM3 specimen as compared with GM5 and GM10 specimen, therefore, only GM3 specimen was considered for detailed investigation and piezoresistive characteristics. Moreover, for in-depth analysis normalized compressive loading (NCL) and fractional change in resistance (FCR) as given in Eqs. (9) and (10) were calculated (Rehman et al. 2017) .
where, P is compressive loading at the given time during the test; and P max is maximum compressive loading for the specimen; ρ t is electrical resistivity at the given time during the test; ρ 0 is lectrical resistivity at the start of the test.
The relationship between the fractional change of resistance in percentage and the normalized compressive load are shown in Fig. 8 . Furthermore, results of this study were compared with two studies of Li et al. (9) NCL = P P max (10) FCR = ρ t − ρ 0 ρ 0 × 100% Fig. 8 Fractional change in resistance against normalized compression load for GM3 specimen, 3% nano Fe 2 O 3 by Li et al. (2004) and 15% carbon Black (CB) by Li et al. (2006) .
See Tables 15, 16 . 
